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CHAPTER 1 
INTRODUCTION  
In electrical distribution systems, saturation of low ratio current transformers 
(CTs) at high fault current locations may cause misoperation of overcurrent relays. It has 
been reported that relays act differently during CT saturations and their time-current 
characteristics do not meet the published characteristics [1-7]. These problems may cause 
severe loss of production to various plants or damages to very critical electrical 
equipment. The IEEE guide for the application of current transformers (IEEE Standard 
C37.110) contains steps to avoid the effects of AC and DC CT saturation [8]. However, 
many of these steps result in impractically large CTs, which are economically not 
acceptable [9]. Relatively small loads connected to a bus, with inherently high available 
short-circuit currents, usually have CT's with low ratio [10].  
The thesis will investigate the transient behavior of CT's and the impact on digital 
overcurrent relays during high fault level. The research will also analyze the effect of 
different classes and sizes of C-class CT's on typical microprocessor-based overcurrent 
relays. The operation principles of all microprocessor-based relays are almost identical, 
although they utilize different filtering techniques. The transient saturable transformer and 
nonlinear reactor models available in Electromagnetic Transient Program (EMTP) for 
current transformers (CT) will be validated in the laboratory to ensure proper selection of 
the CT’s models for the research. Moreover, different fault scenarios, implemented
 through EMTP, will be converted in common-trade files in order to conduct laboratory 
tests to analyze the transient behavior of microprocessor-based overcurrent relays.  
Chapter two of the thesis presents a literature survey to document the transient 
behavior of CT's and digital overcurrent relays during high fault level. The chapter will 
also present the recent research, analyzing the effect of different classes and sizes of CT's 
on microprocessor-based overcurrent relays. Chapter 3 discusses the theory and model 
formulation of a CT to be used to evaluate the performance of protective equipment. 
Details of model validations are presented in this chapter. Chapter 4 will demonstrate and 
investigate the effects of secondary burden, accuracy class, short circuit level, X/R ratio 
(DC offset) and remanent flux in the core on CT's behavior. Chapter 5 describes the 
modeling of a typical digital overcurrent relay and investigates the effects of CT's 
saturation on the modeled relay. The effects of CT saturation on microprocessor-based 
overcurrent relays will be evaluated by conducting various laboratory tests on a typical 
microprocessor-based overcurrent relay and will be presented in Chapter 6. The 
evaluations, in this chapter, will consider the instantaneous and time-delayed operations of 
digital overcurrent relays. Chapter 7 will present area of applications of thesis findings, 
followed by a case study. Chapter 8 contains test results evaluations, conclusion and 
recommendations.  
 CHAPTER 2 
LITERATURE SURVEY   
A literature survey was conducted to review the methods of CT's modeling, effects 
of CT's saturation and to investigate the published criteria of CT, C-class selection in 
IEEE/ANSI standards. In addition, researches covering effects of CT's saturation on 
digital overcurrent relays will be presented.    
2.1  Methods for CT's Modeling  
           Most of published papers have considered the use of the EMTP to model current 
transformers and coupling capacitor Voltage Transformers [11-17]. Models for CT's are 
especially important for studying transformer saturation and its effect on the performance 
of protective relaying. Many iron core models were studied and considered. However, the 
majority of researchers considered the EMTP and alternative transients program (ATP) 
Inductor Models since accurate and acceptable results were successfully obtained.   
The EMTP and ATP support two classes of nonlinear elements, a true nonlinear 
model (Type-93) and two pseudo-nonlinear models (Type-96 and Type-98). In the true 
nonlinear model, the nonlinearity is explicitly defined as a nonlinear function. The EMTP 
and ATP then resolve the combinations of nonlinear equations and the appropriate system 
equivalent at each step using a Newton Raphason iterative procedure. The disadvantage of 
this method is that flux equations need to be available in order to model the CT. In the
 pseudo-nonlinear model, the nonlinearity is defined as a number of piece-wise linear 
segments. In the particular case of nonlinear inductor, the flux is monitored at each time 
step in order to determine which linear segment should be used to compute the inductance 
at that time step. This method does not model the true nonlinearity since the program 
relies on previous time step results to decide on what segment to operate next. Non-linear 
reactor-Type 96 accounts for the hysteresis effects in the transformer core and allows for 
analyzing the effects of residual flux left in the CT following primary current interruption. 
Many research papers showed that the EMTP nonlinear inductor (Type-96) is very 
effective in analyzing the relay performance under transient conditions in order to assure a 
high degree of dependability and security in their design and applications [11, 12, 15, 16].  
2.2  IEEE/ANSI Requirements for Selecting CT's Rating  
CT behavior under steady state and symmetrical fault conditions is well covered under 
ANSI/IEEE standard C57.13-1993 [18]. This standard specifies conditions for CT design 
which include "current transformer secondary terminal voltage rating is the voltage that 
the CT will deliver to a standard burden at 20 times rated secondary current without 
exceeding 10% ratio correction. Furthermore, the ratio correction shall be limited to 10% 
at any current from 1 to 20 times rated secondary current at the standard burden for any 
lower standard burden used for secondary terminal voltage ratings". However, 
asymmetrical current can cause the CT's to saturate at much smaller currents than 
symmetrical currents without DC offset [19, 20]. Flux remanence in the CT core also 
 contributes to CT saturation [2, 6]. Both the ANSI/IEEE C57.13 and C37.110 documents 
do not indicate the intensity of saturation and its possible impact on overcurrent relay 
operation. To study the impact of CT saturation on protection devices, an additional 
analysis is required [21].  
Although there is an abiding interest in the application of current transformers for 
relaying, few written rules exist for selecting the ratings [21]. One important document is 
C37.110. 1996, which contains selection rules for CT's in general to avoid AC and DC 
saturations as follows:  
To avoid AC saturation, the CT shall be applicable of a secondary saturation voltage: 
SSX ZIV
     
  (2.1)  
Where: SI    is the primary current divided by the turns ratio 
              SZ    is the CT secondary burden 
   Vx     is the CT saturation voltage 
Current transformer secondary terminal voltage rating is the voltage that the CT 
will deliver to a standard burden at 20 times rated secondary current without exceeding 
10% ratio correction. Therefore, equation (2.1) can be rewritten as follows: 
bf zi20       (2.2)  
Where: fi    is the maximum fault current in per unit of CT rating 
              bz     is the CT burden in per unit of standard burden 
 In addition, C37.110.1996 highlights the criteria to avoid saturation with a DC 
component in the primary wave as follows:  
)1(
R
XZIV SSX
   
            (2.3) 
Where: X and R   is the primary system reactance and resistance up to the point of fault. 
Similar to the AC saturation, equation (2.3) can be rewritten as follows: 
bf ziR
X 120       (2.4) 
Where: fi    is the maximum fault current in per unit of CT rating 
             bz      is the CT burden in per unit of standard burden   
X/R is the system X/R ratio  
However, most of the time, these rules result in impractically large CTs, which are 
not economically acceptable.  This is true where small CT's connected to a bus with high 
short circuit current that can exceed 200 times the CT primary current rating [16]. IEEE 
Standard C37.110-1996 offers no guidance for other applications where those rules do not 
apply. Small cores, long leads, high burdens, and offset lead to saturated CT's [21]. In 
addition, the aforementioned standard does not specify the intensity of CT's saturation and 
its effects on overcurrent relays.  
2.3 Effects of CT Saturation on Overcurrent Relays  
Many papers have explored waveform distortion due to CT saturation and its 
 effect on electromechanical overcurrent relays [1-7]. These relays are considered obsolete 
and are not manufactured any more. Alternatively, all new electrical installations involve 
microprocessor-based relays installation. Few papers have considered the effects of CT 
saturation on microprocessor-based relays [13, 22]. The operation of these relays is not 
yet understood against CT saturation during high fault current. This increases the 
necessity to investigate the transient behavior of these relays during CT saturation. 
Kojovic has considered the effect of waveform distortion, in general, on protective relays, 
including microprocessor-based relays. The paper has attempted to show, theoretically 
and through laboratory tests, the influences of harmonics on various types of protective 
relays [13]. It showed that these relays will be affected by the DC offset and CT 
saturation. In addition, no clear and practical guidance for selecting CT's, to ensure 
overcurrent relays have been provided so far in the literature.   
In many cases, saturated CT's may fail to deliver a true reproduction of primary 
current during high fault level and therefore may cause undesirable operations. One of the 
most critical concerns involves low-ratio CT's in any of the lower voltage systems area, 
particularly in 2.4-13.8 kV metal-enclosed switchgear relaying applications [1, 3, 10]. The 
operation of instantaneous and time-delayed digital relays needs to be further studied to 
check the transient behavior of these relays during CT's saturations.   
There is thus a clear and urgent need to model low-ratio CT's and investigate the 
effects of its saturation on digital overcurrent relays. Chapter 3 presents a model 
description and its implementation through the EMTP 
 CHAPTER 3 
IMPLEMENTATION OF CURRENT TRANSFORMERS MODEL   
This chapter discusses the theory and model formulation of a current transformer 
to evaluate the protective relay performance. Few papers and researches had covered the 
performance and response of microprocessor-based overcurrent relay to CT's saturation 
although these relays executes algorithms that are mathematical procedures and can 
produce analytic characteristics that is described easily by an equation. The key to the 
behavior of microprocessor-based relays is in calculating and measuring the response of 
the current transformers and digital filter and comparing the deviation of the response to 
the ideal sine-wave signal. Therefore, the current transformers and relay modeling are 
very essential to evaluate the protection equipment performance.  
In this chapter, set of software tools will be used to examine the behavior and 
performance of current transformers. These tools are as follows: 
Alternative Transients Program (ATP) version of EMTP will be used for current 
transformers transient model implementations.  
ATPDraw is a windows interface graphical preprocessor of ATP. Current 
transformer circuit and model can be drawn by selecting the components available 
in the program. ATPDraw then will create the ATP input file and will run the 
ATP. 
The output processor (TOP) program is a graphical postprocessor for transient data 
 and will be used to convert ATPDraw output programs to text files in order to be 
utilized easily in interfacing with MATHCAD software that will be utilized for 
digital relays modeling. 
Omicron Test Universe software will be utilized to save and capture the signals of 
the tested current transformers in the laboratory in common-trade format to be 
utilized for analysis in ATP [34].  
3.1 Current Transformer Transient Analysis 
The equivalent circuit of a current transformer is shown in Figure 3.1 [23- 29]. For ideal 
CT, it will operate with an ampere-turn balance: 
SSPP NINI
   
                 (3.1) 
Where: 
pI , sI  is CT Primary and secondary currents 
pN , pN  is number of primary and secondary turns  
An actual CT does not behave as an ideal transformer. The CT secondary voltage 
is generated by the rate of flux change in the core. To produce flux in the CT core, 
magnetizing (Exciting) current is required. This introduces ratio and phase errors. 
Therefore, the equation of an actual CT can be written as: 
                                mSP III                        (3.2) 
Where, pI  is the primary current referred to the secondary, and mI  is magnetizing current. 
        
BurdenIdeal
CT
Magnetizing
Branches
Rp RsLp LsI p
I s
Rp, Lp is the primary winding resistance and leakage inductance. 
Rs, Ls is the secondary winding resistance and leakage inductance.  
Fig. 3.1 Current Transformer Equivalent Circuit       
 Under steady state condition, all current transformer performance can be measured using 
the fundamental equation (3.3).  
                 ANfBE S44.4                         (3.3) 
Where, SB is the maximum flux density in the core, A is the effective cross 
sectional area of the core, N is the transformer ratio and f is the system frequency. The use 
of the fundamental transformer equation is useful when the information on CT iron flux 
density characteristics and cross sectional area are available. Such information, most of 
the time, is not available.  
For the purpose of transient analysis, the equivalent circuit of Figure 3.2 has been 
developed. To investigate the nonlinear behavior of the CT's, the magnetizing leg of the 
current transformer can be represented in Figure 3.3 to visualize the non-linear 
phenomenon of the magnetizing circuit. For each level of excitation, a different value of 
reactance is used. In figure 3.3, three B-H diagrams are shown, as flux versus magnetizing 
current mI , representing low, medium and high level of excitations.        
  
Burden
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I s
Es
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Lm-Magnetizing Inductance 
Es- CT Secondary Voltage 
Imx- Magnetizing current, Reactive component 
Imr- Magnetizing current, Resistive component 
Rm- Iron Loss equivalent resistance  
Fig. 3.2 Current Transformer Circuit Diagram   
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Fig. 3.3 CT Equivalent Circuits at Various Levels of Excitation  
 At low excitation, the slope d?/dI representing the inductance is low. This low 
slope represents a disproportionate amount of magnetizing current compared to the burden 
current at low excitation. At medium excitation, the d?/dI is relatively high and the 
magnetizing current is small compared to the current in the burden. At high excitation, the 
slope is infinite and the concept of impedance breaks down altogether. All that is apparent 
is the area of the hysteresis loop representing losses (and hence resistance). Otherwise, 
there is simply a change in flux from –?  to ? . The change takes place during a portion of 
the cycle of the current. The fact that magnetizing current is so small compared to the 
ratio current during the transition suggests that it can be ignored. Consequently, the 
saturation phenomenon is best represented by volt-time switch as shown in figure 3.3, 
which opens during a rate of flux change and closes during saturation [1, 23]. The volt-
time area of the burden voltage wave represents flux from the expression:  
dt
dNV
      
 (3.4)        
 3.2 Mathematical Models of Magnetic Core Representations  
The measure of a current transformer performance is its ability to reproduce 
accurately the primary current in secondary amperes both in wave shape and in 
magnitude. There are two parts: (1) the performance under the symmetrical ac component, 
and (2) the performance under the offset dc component [27]. Modern CTs do a remarkable 
job of reproducing wave shapes as long as they do not saturate.  The major non-linear 
effects in iron cores are saturation, eddy currents, and hysteresis [16]. As a result, many 
investigations were conducted to study the nonlinearities in a current transformer and the 
effects of CT saturation on protective relays [30, 31, 32].  
            In order to accurately model the current transformers, the following shall be 
undertaken: 
Conversion of the rms V-I saturation curve data into peak ?-I data with the 
hysteresis loop being ignored. 
Providing the hysteresis loop data required by the Type-96 Pseudo-nonlinear 
reactor model.  
            The algorithm for computing the saturation characteristics of transformer iron 
cores has been proven by different papers through laboratory measurements [11]. As 
shown in figure 3.3, the excitation branch is represented by a non-linear inductance in 
parallel with a non-linear resistance. The nonlinear characteristics are computed according 
to the following assumptions: 
 The ?-I curve are symmetric with respect to the origin ( kL  is the slope of segment 
k of the ?-I curve). 
The winding resistance and leakage inductances are ignored in the analysis.  
           The algorithm uses data points from the CT secondary excitation curve Vrms-Irms 
to calculate the peak ?-I curve. The results is a piece-wise linear model because a small 
finite number of data points are used, usually 10 or less.  
         The conversion of rms voltage values to flux is only a rescaling procedure. For each 
linear segment in the ?-I curve, 
K
k
V2
    
     (3.5) 
Assuming that sin)( kk , then for the following segments (k ? 2). The peak current 
is obtained by evaluating for 
rmskI  for each segment k, using the following equation: 
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     (3.6)  
In Figure 3.4 only the last segment kL is unknown. Therefore, the equation can be 
rewritten in the form: 
                                                     02 lkKlkKlk cYbYa         (3.7) 
If constants lka , lkb , and lka are known, and kk LY /1 can be computed. kY can then be 
solved from 3.7 and it must be positive. The peak current lki is computed from the 
following equation: 
                                                     11 KKKkk Yii
   
     (3.8)  
        Then, one point is entered in the subroutine HYSTERESIS in the ATP to provide the 
hysteresis loop data. The routine contains predefined trajectories in the ?-I plane to decide 
which path to follow when the flux increases or decreases [33].                   
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Fig. 3.4 Piece-wise Linear Segments of the ?-I curve         
   3.3 Validations of Current Transformer EMTP Model 
In order to create the identical operating conditions as those during actual 
measurements, laboratory tests were conducted for model validation purposes. Primary 
advanced injection test equipment (Omicron-CPC100) has been utilized to carry out 
different kinds of testing for the current transformer. This device can inject up to 2000A 
primary [34]. In addition, it is a software-based devise that can provide the automatic 
capability to implement, for example, CT Ratio, CT Excitation and secondary winding 
resistance measurement tests.  In the testing setup, a microprocessor-based relay (Basler 
Overcurrent Relay BE1-951) has been used in the tests to trace and capture the secondary 
signals for the current transformers with sampling rate with 12 samples/cycle. Figure 3.5 
shows the testing set-up.  
A current transformer, with 50/5 ratio and ANSI/IEEE class C20, has been tested 
at the Laboratory at Saudi Aramco to obtain the actual excitation curves to be 
implemented in the EMTP. The current transformer has been driven to saturation and 
secondary current has been captured by Digital Events Recording feature in the 
microprocessor-based relay (Basler Overcurrent Relay) for comparison with EMTP 
results. In addition, burden effects on the selected CT have been investigated by changing 
the secondary burden connected to the current transformer under test. All laboratory data 
was compared with EMTP results to validate the results and ensure having proper 
modeling for the current transformer.  
          
         
Fig. 3.5 Schematic Diagram for Test Circuit         
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 An excitation test has been conducted on the selected current transformer in order 
to obtain the actual excitation curve of the CT by using the OMICRON CPC-100. The test 
was implemented by injecting current in the secondary side of the 50/5 CT. The 
measurement of the V-I curve was carried out according to the ANSI/IEEE standard 
C57.13.  V-I curve is shown in figure 3.6.  
The burden of a current transformer, as defined in IEEE C37-110, is the property 
of the circuit connected to the secondary winding, which determines the active and 
reactive power at the secondary terminals. The burden is expressed either as total ohms 
impedance, together with the effective resistance and  reactance components, or as the 
total volt-amperes and power factor of the secondary devices and leads specified values of 
frequency and current. The accuracy of CT's is defined by IEEE C37-110-1996, as the 
extent to which the current in the secondary circuit reproduces the current in the primary 
circuit as stated by the marked ratio. The accuracy class can be obtained by calculations or 
by test, followed by the minimum secondary terminal voltage that transformer will 
produce at 20 times rated secondary current with one of the standard burdens without 
exceeding the accuracy class limit (10%).      
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Figure 3.6 Laboratory Excitation Curve for 50/5 CT     
          The current transformer considered for testing, has a class of C20. Therefore, the 
maximum burden is 20/100 or 0.2 ohm. This burden does not include the secondary 
resistance of the current transformers. Table 3.1, shows the effects of the connected 
burden on the current transformer saturation and its capability to reproduce the primary 
signal on the secondary side. Although the standard burden involves power factor, a quick 
arithmetic (worst case) calculations of secondary terminal voltage Vb has been 
considered. The burden shown in Table 3.1 is the total burden, including the secondary 
resistance of the CT, wires resistance, and variable resistance.  
            For the purpose of Laboratory results validations, two saturation points were 
selected on the V-I curve for CT modeling in EMTP as shown in Figure 3.7. This has 
been done to ensure accurate representations of the non-linearity of the current 
transformer. The two Hysteresis loops obtained from the two different selected saturation 
points are shown in Figure 3.8.        
     
Table 3.1. Cases applied in the Lab to examine the burden effect on CT's 
Total Burden (Ohm) Primary Injected Current 
Case R X 
Effect on Secondary 
Current 
17.4 X CT Rating Current 
(870 RMS Current)  
Case 1  0.3  0.302   
As per IEEE/ANSI C37.110, Section 4.4.1, Saturation Voltage is , 
Vs = Is *(Rs + Zb) = 87.5*(0.0607) = 37.2V 
Initial Saturation of CT.  
The output signal is 
slightly distorted. 
13 X CT Rating Current 
(652 RMS Current)    
Case 2  1.0  1.508   
As per IEEE/ANSI C37.110, Section 4.4.1, Saturation Voltage is , 
Vs = Is *(Rs + Zb) = 65*(1.809) = 117.6V 
Output signal is not 
sinusoidal anymore. 
More distortion in the 
signal. 
13 X CT Rating Current 
(626 RMS Current)  
Case 3  5.0  6.786   
As per IEEE/ANSI C37.110, Section 4.4.1, Saturation Voltage is , 
Vs = Is *(Rs + Zb) = 65*(8.429) = 547.9V 
Severe Saturation of 
CT. Low secondary 
current is reflected.  
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Figure 3.7 Selection of Saturation Point for Calculation of Hysteresis   
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Figure 3.8 EMTP Generated Hysteresis Loop for Vs= 31V and 26V respectively 
               Figure 3.9 shows CT transient response obtained experimentally with different 
burden values connected. Effects of CT saturation are shown in case-3 where the primary 
current is clearly not re-produced in the secondary. Figures 3.10 and 3.11 give the CT 
transient response obtained by directly using the hysteresis generated, with 31V and 26V 
saturation voltage respectively. In the two EMTP models, with these two saturation 
voltages, the same experimental data and parameters were used, including the actual 
secondary burdens.  Analysis of the two EMTP results show that CT transient response 
obtained by using CT's model with 31V gives satisfactory and close results to the actual 
values. Figure 3.12 compares between the laboratory results and EMTP model with 31V 
saturation voltage in the three cases, listed in Table 3.1.              
 Figure 3.9 Laboratory Test Results Obtained for all Cases          
Figure 3.10 EMTP Results Obtained for all Cases, with 31V saturation Voltage Selection 
   
r  
Figure 3.11 EMTP Results Obtained for all Cases, with 26V saturation Voltage Selection    
  
Figure 3.12 Comparison of EMTP and Lab results for cases 1, 2 and 3 respectively   
 Harmonic analysis, using EMTP has been carried out to compare the transient response of 
the CTs through testing and modeling. Figure 3.13 shows the harmonics analysis for case-
1, where low secondary burden is used.  The fundamental harmonic magnitude is almost 
the same for both test and model results. Although the harmonics above the fifth 
harmonics could not be traced by the relay due to the relatively low sampling rate of the 
relay (12 samples per cycle), acceptable results were obtained.  Figure 3.14 compares the 
harmonic currents of the laboratory and model results for case-2 where higher secondary 
burden is used and more CT saturation is encountered. Similar to case-1, harmonics up to 
the fifth harmonics were captured by the relay.  Harmonic analysis is also carried out for 
the third case and presented in figure 3.15. In this case, very severe CT saturation is 
experienced. Harmonics above the fifth harmonics have relatively higher magnitude due 
to the CT saturation. For comparison purposes, EMTP harmonics analysis was provided 
up to the fifth harmonics. However, harmonics above the fifth harmonics will be 
considered later in the error analysis.         
   
    
Figure 3.13 Harmonic analysis for Case-1 Lab and EMTP Output Signals      
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Figure 3.14 Harmonic analysis for Case-2 Lab and EMTP Output Signal     
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 Figure 3.15 Harmonic analysis for Case-3 Lab and EMTP Output Signal       
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 In order to analyze the harmonic analysis of EMTP and laboratory results, an error 
analysis of the harmonics presented in the current outputs of the current signals by 
measuring the total harmonic distortion (THD) factor as per IEEE Standard 519-1992 
[35]. It is defined as the ratio of the root-mean-square of the harmonic content to the root-
mean-square value of the fundamental quantity, expressed as a percent of the 
fundamental. It can be calculated by the following formula:   
           
currents lfundamenta  theof amplitude  theof square
currents harmonic all of amplitude of squares all of sumTHD                     (3.8)  
            
          The current output signals, obtained by both laboratory tests and EMTP simulations 
contain harmonics as shown in Figures 3.13-3.15 due to the effects of CT's saturations. 
Calculations of the THD in each case have been carried out. Table 3.2 highlights the THD 
level in each case. The results show that harmonic factor calculations for the simulated 
signals are always higher than the laboratory test results. This error is due mainly the quite 
low sampling rare (12 samples/cycle) of the relay used to capture the CT output current. 
Harmonics above the fifth harmonics could not be traced by the relay.       
       
Table 3.2. Error analysis of harmonics Study for EMTP Model Validations 
Distortion Factor (THD) as per IEEE 519-1992 
Case Lab Results EMTP Results Difference 
Case-1 6.23% 9.67% 3.44% 
Case-2 25.71% 30.47% 4.76% 
Case-3 34.83% 41.68% 6.85% 
   
 3.4 Results and Conclusion   
A comparison between transient response obtained by laboratory tests on the 
actual CT and those obtained by digital simulation using EMTP reveals the following: 
EMTP based CT models, using non-linear inductor model (Type-96) are a 
convenient way of simulating fault transient for relay study. They can easily be 
connected to an EMTP model of the power network.  
The harmonics contents of the output signals for both laboratory testes and 
simulations analysis proved that an acceptable modeling of the CT is achieved. 
Differences in the harmonics contents are mainly due to the quite low sampling 
rate (12 Samples/Cycle) of the relay used to capture the CT output current in 
laboratory.  Harmonics above the fifth harmonics could not be traced by the relay.  
CT models, which use Type 96 element for the hysteresis representation, are 
sensitive to the selection of saturated point needed for hysteresis generation. That 
point is not precisely determined for the V-I curve. Points selected in deeper 
saturation, with excitation current of 2A or above give satisfactory and close 
results to the actual values. 
The EMTP developed CT model can be effectively utilized to test the digital 
relays as it provides very accurate representations of the actual CT performance.  
After successfully validating the CT's developed EMTP Model, it will be used in 
the following chapter to demonstrate and investigate the effects of secondary burden, 
accuracy class, short circuit level, X/R ratio (DC offset) and remanent flux in the core on 
CT's behavior. 
 CHAPTER 4 
EMTP TRANSIENTS ANALYSIS OF CURRENT TRANSFORMER 
PERFORMANCE 
4.1 OBJECTIVE OF THE ANALYSIS 
The EMTP model of the CT's, developed and validated in Chapter-3, will be 
utilized to demonstrate and investigate the effects of following factors:  
Secondary burden and accuracy class and their effects on CT's saturation. 
Short circuit level and its impact on the CT's operation. 
The effect of X/R ratio (DC offset) on CT's saturation. 
The effect of remanent flux in the core on CT's behavior. 
          The examination of these items will provide the necessary support to investigate the 
effects of CT's on protective relays and consequently on the protection system.  The full 
understanding of the behavior of CT's will facilitate the study and evaluation of the digital 
overcurrent relay response to transient events. For the purpose of analysis, a multiple ratio 
CT (1200/5), Class C-200 with 900 tap will be used to examine the effects of the factors 
mentioned above. Figures 4.1 and 4.2 show the EMTP nonlinear model (Type-96) for the 
CT and the hysteresis loop developed respectively for the 1200/5 CT at tap 900. The 
EMTP nonlinear model consists of an ideal transformer and non-linear reactor to take into 
consideration the non-linearties of current transformers. The burden of the CT is 
represented by series resistor and reactor as shown in the model. The piece-wise linear 
 segment of the hysteresis loop, shown in figure 4.2, is obtained as an output of EMTP 
subroutines, explained in Chapter 3.  
4.2 Effects of CT's Burden and Accuracy Class on its Saturation   
The burden of a current transformer, as defined in IEEE C37-110, is the property 
of the circuit connected to the secondary of the circuit connected to the secondary winding 
that determines the active and reactive power at the secondary terminals. The burden is 
expressed either as total ohms impedance, together with the effective resistance and  
reactance components, or as the total volt-amperes and power factor of the secondary 
devices and leads at the specified values of frequency and current. The accuracy  of CT's 
is defined by IEEE C37-110-1996, as the extent to which the current in the secondary 
circuit reproduces the current in the primary circuit in the proportion stated by the marked 
ratio, and represents the phase relationship of the primary current. The accuracy class can 
be obtained by calculations or by test. The test will determine the minimum secondary 
terminal voltage that transformer will produce at 20 times rated secondary current with 
one of the standard burdens without exceeding the accuracy class limit (10%).      
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Figure 4.1 EMTP Nonlinear Model of Current Transformer   
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Figure 4.2 Hysteretic Loop for 1200/5 CT at Tap 900 (Output of EMTP Subroutines)     
 As highlighted previously and for the purpose of analysis, the transformer can 
deliver to a standard burden at 20 times the rated secondary current without exceeding the 
10% ratio correction. The current transformer considered for analysis has been presented 
in a published paper [7]. The CT has a class of C200 at the maximum Tap (1200/5). Since 
the secondary voltage capability is directly proportional to the connected tap, the CT will 
support a voltage of (900/1200 x 200V) or 150V. Twenty times rated secondary current is 
100 A. Therefore, the maximum burden is 150/100 or 1.5 ohm. This burden does not 
include the secondary resistance of the current transformers.   
Table 4.1, shows the study cases to investigate effects of the connected burden on 
the CT saturation and its capability to reproduce the primary signal on the secondary side. 
The burden voltage bV is considered resistive to reflect the worst-case condition. The 
burden values shown in Table 4.1 are the total burden, including the secondary resistance 
of the CT.  The first case considers the standard burden for the CT, as found in the 
simulations. The burden value is then increased to show the effect of additional burden on 
the CT's performance. There is a practical concern where the CT's, are sometimes, located 
far away from the relay and thus will result in higher CT's burden.      
        
Table 4.1. Cases applied to examine the burden effect on CT's 
Primary Injected Current Burden (Ohm) 
Case 1 1.5 
Case 2 1.93 20 X CT Rating Current 
(18,000 RMS Current) Case 3 5.0 
 Figure 4.3 shows the primary injected current with 20 times CT rating current. 
Figure 4.4 shows the secondary current output of the CT when a standard secondary 
burden is used. The primary current is reproduced accurately with no CT saturation. The 
magnitude and shape of the CT's output are accurately obtained, as expected, with no CT 
saturation.  
In case-2, the secondary burden is increased to 1.93 ? and consequently initial 
saturation is observed as shown in figure 4.5.  The magnitude of the CT's output is found 
to be 141A, matching with the anticipated magnitude. However, the shape of the 
secondary signals is slightly distorted. The secondary burden is then increased to 5 ?  (3.3 
times the standard burden). The secondary current magnitude is significantly reduced by 
12% and the waveform shape is distorted as shown in Figure 4.6. The CT experienced 
severe saturation.           
  
Figure 4.3 Injected Primary current (18,000 RMS Amp) 
Figure 4.4. Full Reproduction of the Secondary Current with 1.5 Ohm    
   
Figure 4.5 Initial CT Saturation- Secondary Current with 1.93 Ohm 
Figure 4.6 Severe CT Saturation - Secondary Current with 5.0 Ohm     
 4.3 Effects of the short circuit level on CT performance 
           In general, CT ratios are selected to match the maximum load current 
requirements, i.e., the maximum design load current should not exceed the CT rated 
primary current. The highest CT ratio permissible should usually be used to minimize 
wiring burden and to obtain the highest CT capability and performance. The CT should be 
large enough so that the CT secondary current does not exceed 20 times the rated current 
under symmetrical primary fault current.            
The use of low ratio CT's on circuits of rated current where fault current levels are 
very high, presents problems of reduced CT capability. These problems can be minimized 
by using the highest CT ratio that is compatible with low current relays and instruments. 
In this analysis, the behavior of the CT's will be examined, considering the standard 
burden, to show its performance under various symmetrical short circuit levels. Summary 
of the analysis is provided in Table 4.2.         
      
Table 4.2 Cases applied to examine the primary symmetrical faults effect on CT's 
Primary Injected Current Burden (Ohm) 
Case 1 
20 X CT Rating Current 
(18,000 RMS Current) 
Case 2 
23 X CT Rating Current 
(20,700 RMS Current) 
Case 3 
40 X CT Rating Current 
(36,000 RMS Current)  
Standard Burden (1.5) 
    
              Case 1, considered injecting a primary current of 20 times the CT rating at the 
secondary standard burden. Figure 4.7 shows the simulated primary injected current. Full 
reproduction of the primary current at the CT secondary is achieved and is shown in 
figure 4.8. The primary current magnitude is accurately reproduced at the secondary of the 
CT with no error.  Symmetrical fault current is then increased to 23 times the CT rating. 
As shown in figure 4.9, initial CT saturation is experienced where the shape of the 
secondary current wave is little distorted. The ideal CT should reflect sinusoidal current 
wave with peak magnitude of 163A. Due to CT saturation, only 152A peak current is 
obtained with a magnitude reduction of 7%. In case-3, very high symmetrical fault current 
is injected into the CT. The injected current is 40 times the CT rating. As a result, severe 
CT saturation is experienced at the secondary terminals of the CT.  Both magnitude and 
shape of the secondary current are significantly affected as shown in figure 4.10. The 
ideal CT should reflect the primary current signal with a peak magnitude of 282A. 
However, the real model shows that the CT will be capable to deliver a distorted 
secondary current with a peak of 270A.         
   
Figure 4.7 Injected Primary current (18,000 RMS Amp)  
Figure 4.8 Full Reproduction of the Secondary Current (case-1)     
  
Figure 4.9 Initial CT Saturation- Secondary Current (case-2)  
Figure 4.10 Severe CT Saturation-Secondary Current (case-3)   
 4.4 Effects of System X/R Ratio on CT's Saturation   
  CT performance is affected significantly by the dc component of the ac current. 
When a current change occurs in the primary ac system, one or more of the three-phase 
currents may contain some dc offset. This dc results from the necessity to satisfy two 
conflicting requirements that may occur: (1) in a highly inductive network, the current 
wave must be near maximum when the voltage is at or near zero, and (2) the actual 
current at the time of the change, which is determined by the prior networks conditions 
[17].  
            During asymmetrical faults, the fault current can be represented by two parts, 
namely the dc and ac components follows: 
                          acdcFault III
    
     (4.1)  
The total fault current can be rewritten as: 
                        ))cos(( teII tL
R
FFault      (4.2) 
Figure 4.11 shows the shaded volt-time area produced by asymmetrical fault 
current. Here FI is the magnitude of the fault current in the secondary, bZ is the burden 
impedance, and L/R is the time constant of the primary fault circuit. The sine wave and 
exponential components of the wave are shown dashed for comparison. The sine wave 
and the exponential represent the asymmetrical fault in equation 4.2. The plot shows the 
 change of burden voltage with the time. The volt-time area of the asymmetrical fault is 
increased compared to the normal sine wave and hence will affect the performance of the 
CT and the relay.   
The burden voltage can be expressed as follows:  
))cos(( teZIV tL
R
bF
   
     (4.3)  
The burden voltage V is related to the core turn N and the rate of change of the 
core flux by the induction as shown in equation [33]: 
dt
dNV
 
     (4.4) 
We can integrate Equation (4.4) to show that the flux density in the core is 
represented by the area under the voltage waveform. In other words, for a given secondary 
fault current, more burden voltage from the CT will be required and the core density is 
proportional to the time-integral of this voltage.  Therefore, the flux linkages in the core 
are given by the integral of equation (4.5) where the flux is expressed as flux density B 
times the core cross sectional area A.  
t
dtVNABN
0
     (4.5)  
     
Figure 4.11 Fault Current with AC and DC components [21]      
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 Using the asymmetrical burden voltage equation (4.3) and substituting in equation (4.5) 
will result in the following equation:  
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     (4.6) 
In Equation (4.6), the limit of the integral of the exponential term is the X/R ratio 
of the primary circuit. Since the limit integral of the cosine term is unity, we can write the 
equation as follows:    
bFs ZIR
XANB 1
    
     (4.7) 
Equation (4.7) expresses the C-rating voltage in terms of the physical parameters of the 
CT, namely the saturated flux density SB , the turns ratio N, the core cross-sectional area 
A, and the system frequency f.  
A different form of Equation (4.7) can be derived by recognizing that the rating 
voltage is 20 times the voltage across the standard burden at rated current. If we then 
express the fault current FI in per unit of the rated current and the burden bZ in per unit 
of the standard burden, equation (4.7) becomes the simple IEEE Standard criterion to 
avoid saturation:  
 bf ziR
X 120         (4.8)       
Where: fi    is the maximum fault current in per unit of CT rating 
            bz     is the CT burden in per unit of standard burden 
            X/R   is the X/R ratio of the primary fault circuit           
           The EMTP CT model, in Figure 4.12 has been developed to analyze the effects of 
X/R ratio on the current transformer performance. Various cases were implemented, with 
different X/R ratios and injected primary current magnitude, assuming a standard burden 
with no remenance flux in the CT's core.  Table 4.3, summarizes the studies that will be 
carried out using the developed EMTP CT model.             
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Figure 4.12 EMTP Model of Current Transformer for X/R Effects Analysis          
   
Table 4.3. Cases applied to examine the X/R ratio effect on CT's  
Case Primary 
Symmetrical 
Current 
Primary 
Asymmetrical 
Current 
X/R 
Ratio 
Saturation equation criteria   
1 (a) 1.80 x CT Rating 16 (X/R+1)*If*Zb 
= 16.7 
1(b) 
0.98 x CT rated 
Current 
2.34 x CT Rating 24 (X/R+1)*If*Zb 
= 24.5 
2(a) 3.69 x CT Rating 16 (X/R+1)*If*Zb 
= 28.9 
2(b) 
1.70 x CT rated 
Current 
4.08 x CT Rating 24 (X/R+1)*If*Zb 
= 42.5 
3(a) 5.57 x CT Rating 16 (X/R+1)*If*Zb 
= 54.4 
3(b) 
3.20 x CT rated 
Current 
6.46 x CT Rating 24 (X/R+1)*If*Zb 
= 80 
 Case-1 (a) represents the secondary current output of the developed CT model 
with DC offset (X/R =16) as can be seen from figure 4.13. The output is reproduced 
accurately and saturation could be avoided since IEEE Standard C37.110-1996 criteria in 
equation 4.8 is met. Case-1 (b) is similar to the previous cases, except that the system X/R 
is raised to 24. Figure 4.14 shows initial CT saturation. In case-2 (a) and case-2 (b), higher 
primary fault current is injected with system X/R ratios of 16 and 24 respectively. The CT 
is driven into saturation starting with the second cycle as shown in figures 4.15 and 4.16. 
More distortion in the secondary current waveform is experienced with higher X/R ratio. 
In cases 3 (a) and case-3 (b), secondary current of CT's experienced severe saturation and 
its peak remains low and distorted for the subsequent three cycles of the transient as 
shown in figure 4.17 and 4.18.             
    
Figure 4.13 Case1 (a), Secondary current with X/R = 16  
Figure 4.14 Case1 (b), Secondary current with X/R =24        
    
Figure 4.15 Case2 (a), Secondary current with X/R = 16  
Figure 4.16 Case2 (b), Secondary current with X/R =24      
   
Figure 4.17 Case3 (a), Secondary current with X/R =16  
Figure 4.18 Case3 (b), Secondary current with X/R =24      
4.5 Effects of Remanent Flux on CT Performance  
    As per IEEE standard C37.110-1996, the remanence is the magnetic flux density 
that remains in a magnetic circuit after the removal of an applied magnetomtoive force. 
The remanent flux in a CT core depends on the flux in the core immediately before 
primary current interruption. The magnitude of the flux is determined by the value of 
symmetrical   primary current, the dc offset, and the impedance of the secondary circuit. 
Maximum remanent flux is obtained when the primary current is interrupted while the 
transformer is in a saturated state. When the remanent flux, is of the opposite polarity to 
the flux due to the fault current and regardless of its percentage, the CT tends to produce 
an undistorted secondary current. However, if the remanent flux is of the same polarity as 
the flux due to the fault current, then a distorted secondary waveform is likely [8].   
         Figures 4.19, 4.20 and 4.21 show three waveforms representing the output 
current of a CT with and without remanence. The three waveforms show the CT behavior 
with remanence flux of 0%, 50%, and 100%. These waveforms relate to the 1200/5 C-200 
multi-tap CT considered in the previous analysis. The fault current in each case is 24000 
A and the dc offset has a time constant of 0.042 s (X/R = 24). The total burdens for all 
three cases are 1.8 ohm. In Figure 4.20, the same CT with same parameters is used, except 
that a 50 % remanent (residual) flux is imposed on the CT prior to subjecting it to 
transients. In this case, the CT is driven into saturation early in the first half cycle and the 
output current remains distorted throughout part of the test cycles.  In Figure 4.21, a 100% 
remanent flux is imposed on the CT prior to subjecting it to the transient. Severe CT 
saturation and waveform distortions are experienced in the first half cycle.  
 Figure 4.19 Secondary current with 0% remanent flux 
Figure 4.20 Secondary current with 50% remanent flux 
Figure 4.21 Secondary current with 100% remanent flux 
 The successful model of the CT will be utilized to test the performance of digital 
relays. In Chapter 5, a typical digital relay will be modeled and EMTP outputs will be 
utilized to examine its behavior.                     
 CHAPTER 5 
DIGITAL OVERCURRENT RELAY MODELING 
5.1   Digital Relay Components  
The operation principles of microprocessor-based relays are almost identical, although 
they utilize different filtering techniques. Figure 5.1 presents the schematic diagram of a 
typical microprocessor-based relay. The relay auxiliary transformer converts the 
secondary current of the CT to a scaled voltage signal. The anti-aliasing low pass filter 
(LPF) removes any high frequency signal present in the waveform. The A/D converter 
converts the signal into digital form at a typical sampling rate of 16 samples per cycle. 
The function of the filter is to reject all harmonics and to extract the magnitude of the 
fundamental content of the signal.        
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Figure 5.1 Digital Relay Schematic Diagram [22]        
 The aliasing phenomenon resulted from the appearance of high frequency signals, 
distorting the desired signal. This effect can be eliminated by filtering the high-frequency 
components from the input. The element that accomplishes this function is called an anti-
aliasing filter. The "Nyquist criterion" states that in order to avoid the aliasing error, 
frequencies above one-half the sampling rate must be removed [29].   
The key to the behavior of microprocessor relays is in calculating the response of 
the digital filter and comparing the deviation to the ideal sine-wave signal. This is 
obtained by sampling sine-wave currents and/or voltages at discrete time intervals. A 
fixed number of instantaneous samples per cycle are converted to digital quantities by an 
A/D converter and stored for processing. Digital filtering is the simple process of 
multiplying the successive samples by pre-determined coefficients and then combining 
them to obtain digital quantities representing the phasor components of the input.  
The term "filtering" is used because the magnitude of the components change when 
the sampling interval remains fixed and the input frequency is varied. The filter output is 
then varied in magnitude and phase as a function of the input frequency. Consequently, 
more than two samples per cycle are used, and filter coefficients are scaled to obtain a 
favorable frequency response. A 16samples/cycle full cycle cosine filter is practically 
suited for protective relaying. While extracting the fundamental, the filter rejects all 
harmonics, including the decaying exponential.  
 nCFCn 16
2
cosThe filter coefficents     
N
n
nnspcsmplspcsmpl CFCIN
IX
01
2
The Cosine filter 
2
4
2 )()( spc
spcsmplspcsmplspcsmpl
IXIXIoThe phasor magnitude  
4
spc
spcsmplspcsmplspcsmpl
IXjIXIoThe Phasor Output 
Where: N    = 15   
n            = 0, 1, 2,…….N   
smpl      = sequence of samples 0, 1, 2, 3, ……   
spc        = number of samples per cycle (16)   
nspcsmplI  = Current samples    
spcsmplIX = Filter output   
Io          = Filter derived current phasor  
   In the cosine equation (5.2), any value of sequence of samples (smpl)  indicates that 
16 samples of the current have been stored. The index n, in the equation, ranges from 0 to 
15 to apply the coefficient and sum the samples to produce the output. With 16 samples 
per cycle, 4 samples represent 90 electrical degrees. Therefore, the present output together 
with the output recorded four samples before constitute the real and imaginary component 
of the phasor [22].  
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 5.2  Modeling Digital Overcurrent Relays  
5.2.1 Why to Model the Digital Overcurrent Relays  
In comparison to electromechanical relays, microprocessor relays execute algorithms 
that are mathematical procedures. They produce analytic characteristics that can be 
described accurately by an equation. Therefore, it is easy to calculate the response to 
specified waveforms and ensure relay operations, during abnormal conditions. The key to 
the behavior of microprocessor relays is in calculating the response of the digital filter and 
comparing the deviation to the ideal sine-wave signal.  
5.2.2 Digital Relay  Modeling    
As explained in the previous section, the digital relay consists of the following main 
components: 
Analog low pass filter (LPF) 
Analog to digital converter 
Digital filter 
A typical digital instantaneous overcurrent relay, with cosine filtering techniques will 
be modeled to examine its behavior with highly saturated current waveforms. Figure 5.2, 
shows the MATHCAD program developed to model the digital overcurrent relays [22]. 
 Fisrt, secondary signal of the CT's obtained from EMTP will be used as an input the the relay model
Data
R :=rows(Data) -1 
i 0 29999
Data will be conveted to two colomns(Time and current) in the EXCEL sheet by using TOP program
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Figure 5.2 MATHCAD Program to model digital relay 
 5.3  Simulation to Test the Effects of CT's on Digital Relays, using Cosine 
Filtering Technique   
In this section, various study cases will be presented to test the behavior of the 
instantaneous digital relays. Case description and results are summarized in table 5.1 for 
the 1200/5 CT, set at 900/5 tap that has been modeled in the Chapter 4.  
In case 1, symmetrical fault with 20 X CT at the standard burden is simulated by 
using EMTP. No saturation is expected in the secondary current. The secondary current 
was injected to the MATHCAD software and output of relay is shown in figure 5.3. The 
relay has seen the peak current after half a cycle delay.  In case 2, asymmetrical fault 
current with initial saturations has been injected to the relay. The injected simulated 
EMTP secondary current is shown in Figure 5.4. The response of the relay is shown in 
figure 5.5. A lower magnitude of secondary current, with 8.4A, has been seen by the relay 
after one cycle. In case 3, more severe saturated current signal is considered as shown in 
figure 5.6. The response of the relay took longer (around 10 cycles) to see the peak 
current as shown in figure 5.7.      
     
Table 5.1 Cases injected to the Modeled Instantaneous Digital Relay 
Case Case Description  Primary Symmetrical 
Current 
Result Analysis 
Case 1  Symmetrical fault 
will be applied with 
no saturation  
20 X CT at standard 
burden  
Expected secondary peak 
value is 141.4A was seen 
by the relay after 0.5 
cycle  
Case 2  Asymmetrical fault 
will be applied with 
initial saturation   
1.4 x CT at standard 
burden, with X/R = 24  
Expected secondary peak 
value is 10A. 8.4A was 
seen by the relay after 
one cycle 
Case 3  Asymmetrical fault 
will be applied with 
severe saturation  
3.37 x CT at standard 
burden, with X/R = 24  
Expected secondary peak 
value is 26.4A. 24A was 
seen by the relay after 10 
cycles 
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Figure 5.3 Output of the Digital Filter in the Digital Relay (Case-1)        
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Figure 5.4 EMTP secondary current (Case-2) 
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Figure 5.5 Output of the Digital Filter in the Digital Relay (Case-2)    
  
Figure 5.6 EMTP secondary current (Case-3) 
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Figure 5.7 Output of the Digital Filter in the Digital Relay (Case-3)    
 It can be concluded from the above analysis that the relay response time is affected 
by CT's saturation, depending on how severe the saturation is. Chapter 6 will provide 
more evaluations of the digital overcurrent relays response by conducting comprehensive 
testing.                 
 CHAPTER 6 
TESTING THE EFFECTS OF CT SATURATIONS ON DIGITAL 
OVERCURRENT RELAYS   
The measure of a current transformer performance is its ability to reproduce 
accurately the primary current in secondary amperes in both wave shape and magnitude. 
There are two parts: (1) the performance on the symmetrical ac component, and (2) the 
performance on the offset dc component.  The impact of these two parts is the CT 
saturation, affecting protection device operations. The impact varies and depends on 
protective device types, their operating principles and overall protection scheme. In this 
chapter, the effects of CT saturation on microprocessor-based overcurrent relays will be 
evaluated by conducting various laboratory testing on a typical microprocessor-based 
overcurrent relay (Basler BE-1-951) [36]. The evaluations will consider the instantaneous 
and time-delayed operations of digital overcurrent relays.  
6.1   Description of Digital Overcurrent Relay Testing  
A set of devices and software tools are used to examine the transient behavior and 
performance of digital overcurrent relays during CT's saturation. These tools are as 
follows: 
EMTP transient model for the current transformer will be used to explore the 
 waveform distortion due to CT saturations and its effects on microprocessor-based 
overcurrent relays. The model has been selected and validated in the laboratory as 
explained in chapter-4. 
OMICRON CMC 256 is part of a test system that consists not only of the test 
device itself, but also of a PC and the testing software “OMICRON Test 
Universe.". External current amplifier (CMA 56) will be used as extension 
components to the test system in order to boost the single phase secondary injected 
current up to 150 A. The test equipment has the capability to inject common-trade 
format signals to relays. The configuration and control of the CMC 256 is 
performed through the test software of the OMICRON Test Universe in order to 
inject the developed transient case current by EMTP transient CT model to the 
digital overcurrent relay [37].   
Microprocessor-based overcurrent protection system (Basler BE1-951). The relay 
will be considered for testing. The behavior of the relay will be captured with 
sampling rate of 12 samples/cycle. The events will be downloaded for further 
analysis [36]. 
Figure 6.1 shows the circuit used to test the transient behavior of digital overcurrent 
relays. The test will be carried out through Omicron Test Universe software by controlling 
the secondary current injection equipment to simulate the transient cases developed by the 
EMTP CT model. The EMTP cases will provide an acceptable modeling of CT with high 
primary current. This eliminated the need for a primary current injection device and CT's 
along with the cables. 
      
Figure 6.1 Test-Set Equipment          
CMC 256 
PC 
Basler Relay 
BE1-951 
 6.2 EMTP Cases Developed to Test the Digital Overcurrent Relays  
The 50/5, C20 current transformer, described in chapter-3, will be utilized to create 
various study cases through the EMTP model to be used for injection in the OMICRON 
CMC 256, in common-trade format files.  The following study cases were used to 
investigate the performance of the digital overcurrent relays:  
Secondary burden and accuracy class and its effects on Digital Overcurrent relays. 
Short circuit level and its impact on the CT's operation and performance of the 
relay. 
The effect of X/R ratio (DC offset) on CT's saturation and operations of the digital 
overcurrent relay. 
The effect of remanent flux in the core on CT's behavior and digital relay 
performance.  
6.3 Effects of Symmetrical Current on Digital Overcurrent Relays      
                      
In this section, the evaluation of digital relays performance resulting from CT 
saturation on symmetrical AC current input will be conducted considering the following 
two factors: 
Current transformer burdens. 
Symmetrical fault current magnitude  
             As illustrated in Chapter 3, higher ohmic burdens in the CT secondary will result 
in a greater saturation of the core, and therefore, larger errors in the secondary current 
waveform. The reason for this is that a given secondary current requires more voltage 
from the CT for a higher burden, and the core flux density is proportional to the time-
integral of this voltage. When the core becomes saturated, significant current is diverted 
through the CT magnetizing branch, and the desired secondary current is reduced and 
distorted [38]. Microprocessor-based overcurrent relays have very low impedances as 
seen by the CTs and can be neglected when considering CT saturation [39]. The 
impedance of CT's wires and the relay leads that interconnect CTs are the major causes 
for CT saturation. For example, CT's, located at transformers high-side, require long wires 
to be connected to relays, inside the substation building.   
           Table 6.1 summarize the cases, developed by EMTP for different CT secondary 
burdens that will be injected to the Basler overcurrent relay by the secondary test 
equipment OMICRON CMC 256.  All these cases were converted to common-trade 
format files for the purpose of testing the digital relays by the secondary current injection 
Equipment. The burden is primarily due to CT windings and external leads to the relay. 
The relay burden itself is very small and can be neglected. In all three cases, it has been 
assumed that the full circuit run of #10 AWG (1.0 ? / 1000-ft) are 250 ft, 500 ft and 2000 
ft respectively.     
      
Table 6.1. Cases Applied to Examine the Burden Effect on Digital Relays 
Burden  Primary Injected 
Current 
To EMTP 50/5 CT 
model 
Case Value (Ohm) Multiple of 
standard burden 
Case 1 0.25 1.25 
Case 2 0.5 2.50 
20 X CT Rating 
Current 
(1000 RMS 
Current) 
Case 3 2.0 10.0 
 
       
             Figure 6.2 shows the EMTP simulated current-case-1 that was injected into the 
digital overcurrent relay. The relay response is shown in Figure 6.3. It is noticed that there 
is no CT saturation in the injected EMTP current. However, there is a decaying transient 
offset of the signal but otherwise the relay reproduces the input current accurate. Figure 
6.4 compares between the EMTP simulated case and relay response. It shows that the 
magnitude of both signals were almost the same at the first cycle. Afterward, the relay 
response started to decay, and gave lower and fixed secondary current magnitude, 
compared to the EMTP simulated current. Around 16% reduction in the current 
magnitude is observed, compared to the injected EMTP current signal.  
Figure 6.5 shows the simulated current that was injected into the digital 
overcurrent relay. The CT secondary burden is increased this time and initial saturation is 
detected. The relay response is shown in figure 6.6. Similar to case-1, decaying transient 
offset is experienced in the relay response and it then reproduces the same shape of the 
injected current waveform.  Figure 6.7 compares between the simulated case and relay 
response. It shows that the magnitude of both signals were almost the same only at the 
first cycle. Around 16% reduction in the current magnitude was experienced, compared to 
the injected EMTP current signal.      
            Figure 6.2 Burden Case-1, Injected COMTRADE signal to the Digital Relay 
Figure 6.3 Response of the Digital Relay to the Injected Current (Case-1) 
Figure 6.4 Simulated EMTP Current versus Relay Current Response in Case-1 (Reflected 
at Primary of 50/5 CT) 
Time  (Second)
Time  (Second)
 Figure 6.5 Burden Case-2, Injected COMTRADE Signal to the Digital Relay 
Figure 6.6 Response of the Digital Relay to the Injected Current (Case-2) 
Figure 6.7 Simulated EMTP Current versus Relay Current Response in Case-2 (Reflected 
at Primary of 50/5 CT)  
Time  (Second)
Time  (Second)
 The third case uses 10 times the standard burden. As a result, severe saturation of 
secondary current is observed. The magnitude and shape of the current signal is severely 
affected as shown in the simulated EMTP current in Figure 6.8. The current magnitude is 
reduced to about 75% of the expected secondary current magnitude. The shape of the 
signal is severely distorted, although the primary current is pure sinusoidal.   The response 
of the digital relay is shown in Figure 6.9. However, lower current magnitude is seen by 
the relay similar to the previous cases.  Figure 6.10 compares the simulated current and 
actual relay response. Around 16% reduction in the current magnitude is again observed.   
           The RMS values of the current, seen by the digital relays, are shown on Figure 
6.11. It shows that the ability of the relay to reproduce the injected current decreases as 
the burden is increased. Further evaluations of these current signals will be presented in 
sections 6.6 and 6.7.           
   
Figure 6.8 Burden Case-3, Injected COMTRADE Signal to the Digital Relay 
Figure 6.9 Response of the Digital Relay to the Injected Current (Case-3)      
Time  (Second)
Time  (Second)
  
Figure 6.10 Simulated EMTP Current versus Relay Current Response in Case-3 
(Reflected at Primary of 50/5 CT)    
Figure 6.11 Relay Responses for the Three Burden Cases, based on its Current RMS 
Measurements, Reflected at the Primary   
 Low ratio CT used in the circuits of high fault current will be examined, 
considering the a burden of 1 ? , assuming that the full circuit run of #10 AWG (1.0 ? / 
1000-ft) is 1000 ft. The tests will be undertaken for various symmetrical short circuit 
levels as shown in Table 6.2.   
Figure 6.12 shows the simulated current for case-1, where 10 times the CT rating 
is injected into the model with five times the standard secondary burdens. The signal 
shows initial saturation. The shape of the waveform is slightly distorted. The relay 
response is almost the same as the injected current as shown in Figure 6.13. The relay 
response and simulated secondary current can be compared by referring to Figure 6.14.  
             Figure 6.15 shows the simulated current for case-2, where 15 times the CT rating 
is injected in the CT model with five times the standard secondary burdens. The signal 
shows more severe symmetrical saturation. The shape of the waveform and magnitude of 
the secondary current are distorted and affected. The relay response is almost the same as 
the injected current as shown in Figure 6.16. The relay response and simulated secondary 
current can be compared by referring to Figure 6.17. The magnitude of the relay output is 
reduced by 5% compared to the injected current.         
   
Table 6.2 Cases Applied to Examine the Primary Symm. Faults Effect on Digital Relays 
Primary Injected Current 
To EMTP 50/5 CT model 
Burden 
(Ohm) 
Case 1 
10 X CT Rating Current 
(500 RMS Current) 
Case 2 
15 X CT Rating Current 
(750 RMS Current) 
Case 3 
30 X CT Rating Current 
(1500 RMS Current)  
1.0 
(5 X Standard 
Burden) 
      
 Figure 6.12 Symm. Short Circuit Case-1, Injected COMTRADE Signal to the Digital 
Relay  
 
Figure 6.13 Response of the Digital Relay to the Injected Current (Case-1) 
Figure 6.14 Simulated EMTP Current versus Relay Current Response in Case-1 
(Reflected at Primary of 50/5 CT) 
Time  (Second)
Time  (Second)
  
Figure 6.15 Symm Short Circuit Case-2, Injected COMTRADE Signal to the Digital 
Relay  
Figure 6.16 Response of the Digital Relay to the Injected Current (Case-2) 
Figure 6.17 Simulated EMTP Current Versus Relay Current Response in case-2 
(Reflected at Primary of 50/5 CT)        
Time  (Second)
Time  (Second)
            A more severe short circuit case is considered, where 30 times the CT rating is 
injected with five times the standard secondary burdens. As shown in Figure 6.18, the 
signal exhibits very severe symmetrical saturation. The shape of the waveform and 
magnitude of the secondary current are very distorted and affected. The current magnitude 
is reduced to about 85% of the expected secondary current magnitude. The relay response 
was the same as the injected current in the first half cycle, then the relay current response 
started to decay as shown in Figure 6.19.  The current seen by the relay is significantly 
reduced to around 69% of the injected current in the remaining cycles. Sharp edges of the 
injected waveforms could not be seen in the relay response. This is mainly due to the low 
sampling rate of the relay (12 samples/ cycle) where high frequency harmonic contents 
could not be captured by the relay. Although the CT's exhibited severe saturation, 
relatively high current could be delivered to the relay, which means that instantaneous 
relay could operate properly. Figure 6.20 compares the simulated signal with the relay 
current response.     
            The current values, seen by the digital relay, in the three cases are shown on figure 
6.21. It shows that the ability of the relay to reproduce the injected current decreases as 
the symmetrical fault level increases. By considering the worst case, the relay could see a 
current of 490A, although severed CT saturation is experienced. Further evaluations of 
these current values will be presented in section 6.6 and 6.7.      
         
Figure 6.18 Symm. Short Circuit Case-3, Injected COMTRADE Signal to the Digital 
Relay  
Figure 6.19 Response of the Digital Relay to the Injected Current (Case-3)     
Time  (Second)
Time  (Second)
  
Figure 6.20 Simulated EMTP Current versus Relay Current Response in Case-3 
(Reflected at Primary of 50/5 CT)    
Figure 6.21 Relay Responses for the Three Symm Short Circuit Cases, based on its 
Current RMS Measurements   
 6.4 Effects of Asymmetrical Currents on Digital Overcurrent Relays  
            The impact of asymmetrical faults on the CT and the associated effects on 
microprocessor-based overcurrent relays will be investigated in this section. Table 6.3 
presents a summary of cases, developed and injected to the digital overcurrent relay 
through OMICRON CMC256. The objective is to examine the transient behavior of 
digital overcurrent relays and their response to the change in X/R ratio. All cases are 
developed based on 0.5 ? (2.5 times standard burden).            
In case 1, a relatively low primary current, is injected with the dc offset has a time 
constant of 0.064 second or X/R ratio of 24. Figure 6.22 shows the simulated secondary 
current. The CT is driven into saturation within the second cycle and the current peak 
remains low and distorted for the three cycles. After that, the sinusoidal signals are 
recovered after the effect of the dc offset has disappeared. The relay response could 
closely predict the saturated peak of the secondary current as shown in figure 6.23. Figure 
6.24 shows that the injected secondary current and relay current response were almost 
identical.  The first three cycles shown in the relay response represents the pre-fault 
condition.      
    
Table 6.3 Cases Applied to Examine the X/R Ratio Effect on Digital Relays  
Case 
Primary 
Injected 
Current 
To EMTP 
50/5 CT 
model 
Current  
Time Constant  X/R 
Ratio  
Saturation Voltage Using 
Equation Criteria (4.8) 
bf ziR
X 120   
1 0.064 s 24  203.1  
2 
3.25 x CT 
rated Current 
0.042 s 16                       138.1  
3 0.064 s 24   1250  
4 
20 x CT rated 
Current 
0.042 s 16  850 
     
  
Figure 6.22 Assym. Fault with 24 X/R Case-1, Injected COMTRADE Signal to the 
Digital Relay  
Figure 6.23 Response of the Digital Relay to the Injected Current (Case-1)  
Figure 6.24 Simulated EMTP Current versus Relay Current Response in Case-1 
(Reflected at Primary of 50/5 CT) 
Time  (Second)
Time  (Second)
          
In case 2, the same injected current is used, but with lower X/R ratio (X/R = 16). 
Figure 6.25 shows the simulated secondary current. The CT is driven into saturation 
within the second cycle and the current peak remains low and distorted for less than two 
cycles. In this case, the sinusoidal signal recovered faster after the effect of dc offset had 
disappeared.  Similar to case-1, the relay response could closely predict the saturated peak 
of the secondary current as shown in figure 6.26. Figure 6.27 Shows that the injected 
secondary current and relay current response are almost identical.  
Figure 6.27 shows the RMS values of secondary currents for both cases. The 
effects of changing the system X/R ratios on the digital overcurrent relays are shown in 
figure 6.28. The RMS values shows that the higher the X/R ratio, the slower response of 
the digital relay. The magnitude of RMS current is reduced as the X/R ratio is increased.             
  
Figure 6.25 Assym. Fault with 16 X/R Case-2, Injected COMTRADE Signal to the  
Digital Relay  
Figure 6.26 Response of the Digital Relay to the Injected Current (Case-2)             
Time  (Second)
Time  (Second)
   
         Figure 6.27 Simulated EMTP Current versus Relay Current Response in Case-2 
(Reflected at Primary of 50/5 CT)   
Figure 6.28 Relay Response for the Asymmt Fault with Different X/R Ratios, Case- 1&2, 
based on its RMS Measurements    
 The simulated secondary current for case-3 is shown in figure 6.29. In this case, 
very high current is injected to the primary of the CT (20 X CT) with the same secondary 
burden and with X/R ratio of 24. The CT is driven into severe saturation within the 
second cycle and the secondary current remains low and distorted for the three cycles. The 
current wave is changed to symmetrical after the effects of dc offset disappeared. The 
response of the relay to the injected current was almost identical, in terms of shape as 
shows in figure 6.30. The magnitude of the relay current response had a reduction of 
about 5%, compared to the simulated current as shown in figure 6.31              
In case-4, the same injected current is used, but with lower X/R ratio (X/R = 16). 
Figure 6.32 shows the simulated secondary current. The CT is driven into saturation 
within the second cycle and the current remains low and distorted for only less than two 
cycles. In this case, the sinusoidal signal recovered quicker after the effect of dc offset had 
disappeared.  Similar to case-3, the relay response could closely predict the saturated peak 
of the current as shown in figure 6.33. Figure 6.34 shows that the injected secondary 
current and relay current response are almost identical. 
Figure 6.35 shows RMS values of secondary currents for both cases. The RMS 
current values are reflected to the primary value using a ratio of 50/5. The effects of 
changing the system X/R ratios on the digital overcurrent relays are also shown. The RMS 
current values show that the higher the X/R ratio, the slower response of the digital relay. 
The RMS values of the current is reduced as the X/R ratio increased. In comparison to 
cases 1 and 2, the relay response took longer to reproduce the expected secondary current 
due to the high primary injected current (20 X CT). 
      
Figure 6.29 Assym. Fault with 24 X/R Case-3, Injected COMTRADE Signal to the 
Digital Relay  
Figure 6.30 Response of the Digital Relay to the Injected Current (Case-3)           
Time  (Second)
Time  (Second)
      
Figure 6.31 Simulated EMTP Current versus Relay Current Response in Case-3 
(Reflected at Primary of 50/5 CT) 
.  
Figure 6.32 Assym. Fault with 16 X/R Case-4, Injected COMTRADE Signal to the 
Digital Relay        
Time  (Second)
        
Figure 6.33 Response of the Digital Relay to the Injected Current (Case- )  
Figure 6.34 Simulated EMTP Current versus Relay Current Response in Case-4 
(Reflected at Primary of 50/5 CT) 
                 
Time  (Second)
    
Figure 6.35 Relay Responses for the Asymmt Fault with Different X/R Ratios, Case-3 
&4, based on its RMS Measurements          
 6.5 Effects of Remanent Flux on CT Saturation and Digital Relay 
Operation  
                
Three current waveforms representing the output current of EMTP for a CT with 
remanence flux of 0%, 50%, and 100% are considered as shown in Figures 6.36, 6.38 and 
6.40. These waveforms are related to the 50/5 C-20 CT considered in the previous 
analysis. The fault current in each case is 20XCT (1000A) and the dc offset has a time 
constant of 0.064 s (X/R = 24) and maximum amplitude. The total burden for all three 
cases is 0.5 ohm. The three waveforms show the CT behavior with remanence flux of 0%, 
50%, and 100%. The response of the digital relay, with different remanence flux values, 
have been examined in the laboratory and shown in Figures 6.37, 6.39 and 6.41. In 
addition, a comparison between the three waveforms is shown in Figure 6.41.                     
       
Figure 6.36 0% Remenance Flux Case-1, Injected COMTRADE Signal to the Digital 
Relay    
Figure 6.37 Response of the Digital Relay to the Injected Current (Case-1)        
Time  (Second)
Time  (Second)
        
Figure 6.38 50% Remenance Flux Case-2, Injected COMTRADE Signal to the Digital 
Relay    
Figure 6.39 Response of the Digital Relay to the Injected Current (Case-2)      
Time  (Second)
Time  (Second)
       
Figure 6.40 100% Remenance Flux Case-3, Injected COMTRADE Signal to the Digital 
Relay   
Figure 6.41 Response of the Digital Relay to the Injected Current (Case-3)       
Time  (Second)
Time  (Second)
            
Figure 6.42 Relay Response for the Three Remenance Flux Cases, based on its RMS 
Measurements              
 6.6  General Observations on the Lab Test Results   
The captured signals of the Basler digital overcurrent relay have been evaluated and 
the following observations were found: 
The Basler relay, as highlighted in its manual and as shown in figure 6.43, has the 
following features: 
1. The relay captures the signal and shows 3 cycles pre-trigger where no current is 
injected during the testing. This explained the time delay in signals captured by the 
relay, in comparison to the EMTP injected signal.  
2. The relay took only half a cycle to trigger. The time delay between the captured 
signal and EMTP injected signal is only 0.5 cycle. 
3. The trip action will be given when the trip current magnitude reaches the set-point 
and continues to flow for two cycles. This two-cycle delay allows the line 
transients to settle to provide data that are more accurate. 
4. The sampling rate (12 samples/cycle) of the recording feature in the relay used 
during the laboratory tests is quite to be low. In comparison, the EMTP model has 
high sampling rate that captures high frequency components of the secondary 
signals. This resulted in differences in the magnitude between the relay captured 
signals and EMTP injected signals.  
In the symmetrical analysis, a reduction of 15-30% in the secondary current 
magnitude has been experienced in the signals captured by the relay, compared to 
the injected EMTP secondary current signals. For instantaneous operations, relays 
 are set as low as possible, based on the load requirements and therefore this 
magnitude reduction shall not be of concern to the operations of relays.  Detailed 
analysis and evaluations of this issue will be carried out throughout this Chapter. 
Transient dc offset in the current signals has been experienced. This is most likely 
due to the X/R effect of the secondary injection equipment.                   
        
Figure 6.43 Basler Overcurrent Relay Trip Response [36]         
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 6.7 Evaluations of Instantaneous  Digital Relays Responses and Test 
Results   
            As explained in Chapter 4, the degree of saturation is defined by saturation voltage 
Vs. The saturation voltage of the 50/5 CT, used in the testing has been found to be 31V. 
The excitation curve for the CT has been obtained by testing, as explained in Chapter 3 
and shown in Figure 6.44. The IEEE Standard C37-110-1996 offers selection rules of CTs 
to avoid both AC and DC saturation. In this section, these rules will be evaluated for both 
symmetrical and asymmetrical faults.  First, AC saturation criteria will be evaluated. 
Then, IEEE Standard C37-110-1996 criteria to avoid saturation with DC component in 
the primary wave will be considered.   
6.7.1 Evaluation of Instantaneous Digital Overcurrent Relay 
Response with Symmetrical AC Components    
In order to avoid AC saturation, the following equation requirements shall be met:  
                                                 bfS ziV                                                                       (6.1)  
Where: fi    is the maximum fault current in per unit of ct rating 
              bz     is the CT burden in per unit of standard burden  
   SV    is the CT saturation voltage in per unit and equal 20       
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Figure 6.44 Laboratory Excitation Curve for 50/5 CT        
 The saturation voltage in equation (6.1) is limited to 20 times rated secondary 
current at standard burden without exceeding the relay accuracy class limit. Therefore, 
equation (6.1) can be rewritten as follows: 
   bf zi20                                                                     (6.2)  
Using the 50A CT primary rating with 20 times CT rating (1000A fault current) will 
imply in the following:  
                                          20
50
1000max
rating
f CT
Ii                                                       (6.3)  
Using the C20 CT with the standard burden of 0.2 ? and the maximum CT burden, used 
in the burden analysis in section 6.3, which is 2 ?:  
                                         10
2.0
0.2
Stad
Burden
b Z
Z
z                                                            (6.4)  
Therefore, the saturation voltage can be calculated using equation (6.1): 
                                         2001020bfS ziV                                                       (6.5)  
In figure 6.11, for burden of 2? , relay will respond instantaneously with 
maximum time delay of 3.25 cycles for a 400A primary fault. The time for the relay 
 operations is added to the maximum time delay (2 cycles). The operations of the relay 
within this time will be acceptable and will maintain relay coordination with upstream 
protective devices. Consequently, current transformers used with the microprocessor relay 
should meet the following criteria in order to ensure relay proper and acceptable 
operation:  
                                                  bf zi200                                                                    (6.6)  
To analyze the response of instantaneous digital relays, an example of 
microprocessor overcurrent relay with 400A instantaneous setting will be considered. 
Figure 6.11, shows that the digital relay will respond instantaneously with maximum time 
delay of 3.25 cycles for a burden of 10 times the standard burden. In this example, the 
relay will be used with a 50/5 CT, class C20, with a 0.1 total burden, as 100 feet full-
circuit run of #10 AWG has been used. Accordingly, the maximum fault for secure 
operation can be calculated by using the following equation: 
                                             RatingBurden
b
MAX CTVZ
ANSIClassI
100
                                     (6.7) 
The maximum fault current for the previous example can be calculated as follows: 
                                         AIMAX 000,20502001.0100
20
                                       (6.8)   
 The instantaneous operations of 50/5 CT can be guaranteed with a saturation 
voltage of 400, within 3.25 cycles for the relay trip operations. This will resolve the 
problem of selecting CT's with 20 times rating based on available short circuit and will 
reduce the cost required for higher CT's with higher class.   
6.7.2 Evaluation of Instantaneous Digital Overcurrent Relay 
Responses with Asymmetrical DC Components   
Now, evaluation of the effects of asymmetrical faults, with DC offset, on 
operations of instantaneous digital relay will be considered. As per IEEE C37-110-1996, 
the following equation shall be satisfied in order to avoid DC saturation:  
                                        bfs ziR
XV 1                                                                    (6.9)  
Where: 
fi        is the maximum fault current in per unit of ct rating 
bz         is the CT burden in per unit of standard burden 
SV  is the CT saturation voltage in per unit and equal 20 
X/R  is the X/R ratio of the primary fault circuit  
 In the analysis, cases 3 & 4 for asymmetrical analysis with X/R ratio of 24 and 16 
will be used. The two cases are considered to be the worst cases among the asymmetrical 
cases listed in Table 6.3. By referring to Figure 6.45, an instantaneous relay settings with 
400 A is considered. Accordingly, the time delay of relay operation is calculated, taking 
into considerations the time required for the relay to operate (2 cycles), as shown in Table 
6.4.  
From Table 6.4, the trip time delay for a microprocessor-based overcurrent relay 
will be 4.7 and 4.1 cycles for asymmetrical faults with X/R ratios of 24 and 16 
respectively. The operation of the relay is fairly acceptable as coordination with upstream 
protective devices will be achieved. The saturation voltage are calculated by using 
equation 6.9 and found to be 1250 and 850 for both cases. The operation of the 
instantaneous element is satisfactory, for these voltages. The saturation voltage for the 
50/5 CT, C20 is only 31V (20 in per unit) and equation (6.9) is not satisfied.          
         
Table 6.4 relay operation time for 400A instantaneous settings with 16 and 24 X/R Ratio  
Trip time delay   Instantaneous 
Current  Setting 
(A)  
Case 
Second Cycles 
Calculated Saturation Voltage 
Using Equation (6.9)  
Case 3 
X/R = 24
0.078 4.7 1250  
400A 
Case 4 
X/R = 16
0.068 4.1 850  
          
Figure 6.45 Response of Relay with 400 A Instantaneous Setting for Cases 3 and 4        
400 A Instan Settings
     
Using the C20 with standard burden of 0.2 ? and CT burden of 0.5 ? , used in the X/R 
cases: 
                                            5.2
2.0
5.0
Stad
Burden
b Z
ZZ                                                     (6.10)  
Therefore, with X/R ratio of 24, the burden voltage can be calculated as follows:  
                                   12505.220)124(1 bfs ziR
XV                               (6.11)  
Consequently, current transformers used with the microprocessor relay should meet the 
following criteria:  
bf ziR
X 11250                                             (6.12)  
For evaluation purposes, a microprocessor overcurrent relay with 400A 
instantaneous setting will be considered. The relay will be used with a 50/5 CT, class C20, 
with a 0.1 total burden, as 100 feet full-circuit run of #10 AWG is used and X/R ratio of 
20. Then, the maximum fault current be for secure operation can be calculated as follows:  
 Rating
Burden
b
MAX CT
R
X
V
Z
ANSIClassI
)1(100
                                        (6.13)  
The acceptable calculated  BurdenV is 1250V as in equation (6.12). Therefore, the 
maximum fault be for secure operation can be obtained from (6.13):  
                     4.952,550)201(
1250
1.0100
20
MAXI                                                 (6.14)  
This can be validated by using the EMTP model developed for the 50/5CT. Since 
the response of the relay was almost identical to the EMTP secondary current, secondary 
current output will be utilized to validate the operations of the relay with X/R of 20, 
secondary burden of 0.1 ohm and primary fault level of 5952.4A. Figure 6.46 shows that 
400 A will be seen after one cycle. By considering the relay operating time (2 cycles), the 
total time delay will be around three cycles and proper operation of the relay will be 
achieved.       
         
-1000
-500
0
500
1000
1500
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time in Seconds
Secondary Current RMS CURRENT
C:\ATPDraw\Atp\TESTING.mdb
Figure 6.46 Case Study with X/R=20, Burden =0.1 and Primary Current of 5952.4 A            
      
As illustrated in the previous example, the instantaneous operations of 50/5 CT 
can be guaranteed with saturation voltage of 119 with 20 X/R ratio, with time delay of 
around 4.7 cycles for the relay trip operations. This will eliminate the need for meeting the 
requirements of equation (6.9) for CT rating with DC offset. Table 6.5 lists the maximum 
fault current versus X/R ratio and secondary burden based on criteria of 6.13. Based on 
this analysis, CT rating can be selected based on short circuit level available, secondary 
burden connected, X/R ratio and required relay trip time delay. Consequently, the need for 
higher CT ratio with higher class could be eliminated.  
6.7.3 Evaluation of Instantaneous Digital Overcurrent Relay 
Response with Remanence Flux  
Figure 6.42 shows the response of the digital overcurrent relay to the different 
values of remanence flux with 24 X/R ratio. It shows considerable CT saturation in the 
first five cycles. The RMS value of the current is significantly reduced compared to the 
expected value, especially in the first cycles. Although, the more severe case will be 
experienced when the remanence flux reaches 100%, there is no significant difference or 
impact on the relay response to different fault levels. The relay will operate at almost the 
 same time with negligible time delay and with no practical effect on the instantaneous 
operations of digital overcurrent relays.         
             Table 6.5 Maximum Current to Ensure Relay Operation 
X/R Ratio 50/5, C20 
Zb = 0.1 
50/5, C20 
Zb = 0.5 
3.5 35, 714.3 A 7, 142.9 A 
6.0 20, 833.3 A 4, 166.7 A 
11 11, 363.6 A 2, 272.7 A 
16 7, 352.9 A 1, 470.5 A 
20 5, 952.4 A 1190.5 A 
     
    
6.8 Evaluations of Time-delayed digital relays response and test results 
CT saturation does not only impact the operation of instantaneous overcurrent 
digital relays. It also affects the time-delayed operation of digital overcurrent relays. The 
impact of the symmetrical and asymmetrical faults, resulting in CT saturations on digital 
overcurrent relays will be analyzed based on the laboratory tests results, shown in section 
6.3 and 6.4 respectively. For the purpose of analysis, A Basler digital overcurrent relay- 
long inverse (L2) time-current characteristic is considered for evaluations purposes. A 
curve with 50A pickup is considered with 50/5 CT, C20, used for the conducted tests.  
First, the impact of changing the CT secondary burden on time-delayed digital 
relays will be evaluated. Figure 6.47 presents the published curve of the digital 
overcurrent. With assumption that the fault level is 20 X CT (1000A), the operation time 
of digital relay will vary depending on the burden values. As illustrated in section 6.4, the 
magnitude and shape of secondary current will be more affected as the CT secondary 
burden is increased. Lower magnitude will be seen by the relay and thus will affect the 
operating time of the relay. Table 6.6, summarizes the operating time of the digital relay 
in comparison to the ideal case, where no saturation occurred.  
  
Figure 6.47 Impacts of Changing Burdens on Time-delayed Digital Relays    
    
Table 6.6 Effects of Changing Burdens and CT Saturation on Digital Relay Time 
Operation 
Case Secondary current 
seen by the digital 
relay when 1000A 
primary fault 
occurred 
Operation time 
(Seconds) 
Time difference 
(Seconds) 
Ideal Case 100A 1.7 
Case-1, with 0.25 ? 97A 1.72 0.02 
Case-2, with 0.5 ? 94A 1.75 0.05 
Case-3, with 5 ? 40A 2.6 1.1 
    
Ideally, the relay is expected to see 100A, if full reproduction of the primary 
current is produced. However, this is not the case.  In all burden cases, presented in 
section 6.3, a primary current of 1000 A was injected to the 50/5 CT in the laboratory test. 
 Figure 6.11 shows that currents of 97A, 94A and 40A were seen by the relay for 
secondary burdens of 0.25, 0.5 and 2.0 ohm respectively. The impact on the relay 
operating time will vary in the three cases. Figure 6.47 compares the operating time of the 
relay in the ideal case, compared to the three cases. It is clear from the time-current 
characteristics that a significant time delay will be experienced in the burden case-3 where 
the relay operations will be delayed by around 1.1 second. This will cause 
miscoordination with the upstream relays.   
Now, effects of asymmetrical faults with dc offset on time-delayed digital relay 
operation will be examined. Study cases presented in Table 6.3 will be considered for 
evaluations. In cases 1 and 2, presented in Table 6.3, 170A primary current was injected 
to the 50/5 CT. However, lower current was seen by the relay for both cases, with 
considerable time delay as shown in figure 6.28. This has been calculated and added to the 
time delay of the ideal case. The calculated time delay values are presented in Table 6.7 
for both cases. Figure 6.48 shows that a time delay of 0.24 and 0.13 seconds will be 
experienced for cases 1 and 2, in comparison to the ideal case.          
 Figure 6.48 Impacts of Asymm Fault on Time-delayed Digital Relays (Case 1&2)   
          
Table 6.7 Effects of Asymmetrical Fault on Time-delayed Digital Relay (Case1&2)  
Case Secondary current 
seen by the digital 
relay when 170A 
primary fault 
occurred 
Operation time 
(Seconds) 
Time difference 
(Seconds) 
Ideal Case 17A 0.58 
X/R = 24, case-1 15.5A 0.82 0.24 
X/R = 16, case-2 16.0A 0.71 0.13 
      
 In cases 3 and 4, presented in Table 6.3, 1000A primary current was injected to the 
50/5 CT. However, lower current was seen by the relay for both cases, with considerable 
time delay as shown in Figure 6.35. This has been calculated and added to the time delay 
of the ideal case. The calculated time delay values are presented in Table 6.8 for both 
cases. Figure 6.49 shows that a time delay of 0.27 and 0.12 seconds will be experienced 
for cases 3 and 4, in comparison to the ideal case.   
Based on the test results, it has been concluded that the instantaneous digital 
overcurrent relays can operate with low CTs, under certain applications and conditions. 
On the other hand, time-delayed digital relays will be significantly affected by CT 
saturation, although the significance of the saturation varies, depending on the fault level, 
system X/R ratio, secondary burden and remenant flux in the core. Chapter 7 will present 
a case study, highlighting the area of applications for the testing findings.                      
              
Table 6.8 Effects of Asymmetrical Fault on Time-delayed Digital Relay (Case3&4)  
Case Secondary current 
seen by the digital 
relay when 1000A 
primary fault 
occurred 
Operation time 
(Seconds) 
Time difference 
(Seconds) 
Ideal Case 100A 0.18 0 
X/R = 24, case-3 75A 0.45 0.27 
X/R = 16, case-4 77A 0.3 0.12 
 Figure 6.49 Impacts of Asymm Fault on Time-delayed Digital Relays (Case 3&4)  
Case-3 
Case-4 
Ideal Case 
 CHAPTER 7 
AREA OF FINDINGS APPLICATIONS  
7.1 Area of Applications    
In distribution networks, relatively small loads, may be connected to a bus with 
inherently high short-circuit currents. This is mainly due to either economical constraints 
or space limitation problems, where large CT's practically cannot be installed. Since the 
maximum current for each load may be small, the CTs ratio tends to be low to provide 
thermal protection at moderate overloads. Low-ratio selection results in a low accuracy 
class, usually less than 100. This will provide satisfactory performance for moderate 
overloads but could be inadequate for short circuit current levels.   
Figure 7.1 shows two examples of low CT's ratios connected to a bus with high-
short circuit level. A transformer with full load current of 43.7 A, with 50/5 CT that 
adequately protect against overload. However, the short circuit rating is 300 times the CT 
rating. Similarly, a motor with an overload protection with 100/5 CT is shown. However, 
a concern is raised about the instantaneous relay response for short circuit level as the 
short circuit currents is 150 times the CT rating.  
The results of digital overcurrent relays testing in chapter 6, showed that 
instantaneous digital relays could operate properly with low CT ratios and high short 
 circuit levels. The IEEE criteria for instantaneous relays are not mandatory. The CT rating 
can be selected based on short circuit level available, secondary burden connected, X/R 
ratio and required relay trip time delay. Consequently, the need for higher CT ratio with 
higher class could be eliminated. This will resolve the issue of space limitation problem, 
for high ratio CT's and will reduce the cost as this problem is common in distribution 
systems.                 
        
51 50
Motor
13.8KV Swithgear with SC of 15 kA
51 50
1000KVA
IFLA = 43.7A
50/5
C20
Instanatenoues
overcurrent
relay
Instanatenoues
overcurrent
relay
2000 HP
Motor
100/5
C20
Figure 7.1 Typical Distribution System with Low CT Ratio and  
High SC Level [1 and 20]       
 7.2 Case Study  
A case study will be considered to show the area of applications of the thesis 
findings. A transformer with 1000KVA rating will be considered. The secondary burden 
is made of 0.1 ? or 100 ft of  # 10 AWG control wires. The system X/R ratio is 6. A 
digital overcurrent relay is installed on the high-side of the transformer to protect against 
overload and short circuit.  The CT is sized based on the full load current of the 
transformer which is 41.8 A. A 50/5 CT, with accuracy class of C20 is selected as shown 
in figure 7.2.  
From section 6.7, it has been proven that the digital overcurrent relay will operate 
with 50/5 CT, C20 with instantaneous settings of 400A with no more than 4.7 cycles time 
delay, if the burden voltage of 1250 is met. This criteria will be utilized to check the 
adequacy of the selected CT with the available short circuit level: 
                                                   bf ziR
X 11250                    (7.1)        
The maximum fault current with 400 A instantaneous settings can be calculated using the 
following formula:  
                                          Rating
Burden
b
MAX CT
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X
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)1(100
                                   (7.2) 
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Figure 7.2 Case Study      
 The maximum fault that to ensure secure operation can be obtained from equation (7.2):  
                                   AI MAX 1.857,1750)61(
1250
1.0100
20
                                 (7.3)  
The instantaneous operation of 50/5 CT can be guaranteed with 357 times CT 
rating with 6 X/R ratio. Figure 7.3 shows the response of the relay with 15,000 A short 
circuit for the case presented. It confirms that the instantaneous digital relay, with 400 A 
instantaneous settings, will respond to the fault in this case with no more than three 
cycles.  
For comparison purposes, IEEE C37.110-1996 will be considered for sizing the CT's in 
the case study. The following equation shall be met: 
                                                               bf ziR
X 120                                            (7.4)  
To meet the requirements of equation (7.4), CT of ratio 600/5 and accuracy class of C100 
is required. Substituting in equation 7.4: 
                                               5.171.0251620                                                (7.5)     
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Figure 7.3 Case Study with X/R=6, Burden =0.1 and Primary Current of 15,000 A       
 7.3 Procedure for Selecting the CT's for Proper Instantaneous 
Operations with Digital Relays  
1. Select the CT ratio based on the load requirements. 
2. Calculate the required instantaneous relay settings. 
3. Use equation (7.4) to calculate the SV . 
4. Run EMTP model for the CT to ensure proper operations of the relay at the 
instantaneous settings. Calculate the time required for the relay to operate and 
investigate if it is acceptable. Otherwise, change the CT ratio or accuracy class to 
higher ones.  
5. For the same CT, define a criteria for CT selection by using the calculated SV  and 
calculate the maximum fault current based on the secondary burden and X/R ratio.           
 CHAPTER 8 
CONCLUSION AND RECOMMENDATIONS 
8.1 Conclusions     
An acceptable and precise current transformers model was implemented, using the 
non-linear inductor model (Type-96) in EMTP. The model is a very convenient way to 
test the transient behavior of the CT's and digital overcurrent relays. The model was 
validated and tested in the laboratory to ensure appropriate and accurate suitability.    
This CT model was then used to demonstrate and investigate the effects of 
secondary burden, accuracy class, symmetrical short circuit level, system X/R ratio (DC 
offset) and remanent flux in the CT core on the current transformers. Such analysis is very 
imperative to study the effects of CT's saturation on protective relays and consequently on 
the protection system.  Full understanding of the behavior of CT's will allow the study and 
evaluation of the digital overcurrent relay response to transient events.   
Effects of CT saturation on digital overcurrent relays were investigated throughout 
the thesis work by conducting laboratory tests. Various study cases were developed by 
using the EMTP CT model to investigate the effects of secondary burdens, symmetrical 
short circuit level, system X/R ratio (dc offset) and remenant flux on CT saturations. The 
operation of the instantaneous and time-delayed overcurrent digital relays were then 
 investigated. All these study cases were injected to the relay by using a secondary 
injection devise, after converting all cases to common-trade format files. The objective of 
all these analysis is to address the CT ratings used in distribution networks where fault 
currents exceed 200 time the CT primary rating and requirement of C37.110-1996 cannot 
be practically met, due to either size limitations or long secondary wires.  
Based on the thesis results, the selection of CT could be done based on the 
operating time of the instantaneous relays. CT's subjected to 100 times fault current, for 
example, could work with no problem and without meeting the criteria of IEEE standard 
C37.110-1996. CT's driven to saturation, can still provide sufficient current to the 
instantaneous digital overcurrent relays. On the other hand, time-delayed digital relays 
will be significantly affected by the CT saturation, although the significance of the 
saturation varies, depending on the fault level, system X/R ratio, secondary burden and 
remenant flux in the core.  
8.2 Recommendations    
It is recommended that the developed CT model is used to investigate the 
operations and transients performance of other digital relays (i.e., transformer differential 
and ground differential). This will give applications guidelines for CT's selection.   
 Another area of improvement is to carryout further testing on digital overcurrent 
relays and different size of CT's with different accuracy classes in order to come up with a 
solid and practical criteria of CT's selection. Digital fault recorders with higher sampling 
rate will provide more accurate results. It has been shown that it is impractical and non-
economical to apply the criteria of the IEEE C37.110-1996, as it will result in a relatively 
high CT ratio and accuracy class.   
More ideas are to be examined by conducting further investigation on time-
delayed digital overcurrent relays to come up with a criteria for calculating the time delay 
caused by saturation for consideration in the relay coordination. This will provide more 
flexibility to achieve coordination with under-sized CT's by taking into consideration the 
time delay, resulted from the CT's saturation.            
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